Abstract. Natural rocks usually contain discontinuities of various forms, which control fluid moment in the subsurface. Discontinuities have a wide range of scales and are a direct consequence of Earth's stress over geological history, such as faults, fractures, joints or cracks, or are due to sedimentary deposition processes, such as contact regions in pore spaces (examples include clay platelet alignment in shales and grain particle alignment in sandstones). In this study, we show that seismic waves are sensitive to fluids contained in rock discontinuities based on £ and converted £ ¥ ¤ AVO analysis. We restrict ourselves to two types of rock discontinuities: shales where clay particle alignment will result in transverse isotropy with a vertical symmetry axis (TIV) and vertical aligned fractures (transverse isotropy with a horizontal symmetry axis or TIH). We establish a quantitative link between fluid saturation and interfacial or fracture compliance and derive simple analytical expressions which link seismic anisotropic measurements to pore and fracture filling fluids. The link between macroscopic parameters such as fracture compliance and physical quantities makes it possible to extract information, such as fluid saturation, from field seismic data. In particular, different behaviors of these parameters may be used to determine whether fractures are dry or saturated. The combined £ -and
Introduction
With increasing interest in reservoir monitoring using time-lapse OBC seismic, the applications of seismic anisotropy and associated multi-component seismics have evolved from the estimation of stress/fracture orientation, prediction of spatial variation of fracture intensity, to estimation of fluid saturation, pore pressure and permeability anisotropy in hydrocarbon reservoirs. Several studies have attempted to relate field measured seismic attribute variations to fluid flow in the rockmass. Queen and Rizer (1990) show that seismic anisotropy can provide direct information about fracture orientations that is consistent with independent measurements and stress orientations. Heffer argues that fluid flow in many reservoirs is strongly dependent on stress (Heffer and Koutsabeloulis, 1996) . Attempts have also been made to use multicomponent seismic attributes to infer fluid flow direction and permeability anisotropy (Lynn et al., 1995 (Lynn et al., , 1996 . It is suggested that attenuation anisotropy may also be used to infer fluid flow anisotropy Lynn and Beckham, 1998) .
Rock discontinuities exist in various forms and have a wide range of scales from microcracks and pore spaces to large scale fractures and faults. In general, they can be grouped in two classes: one is related to the Earth's stress such as faults, fractures, joints or cracks, and the other is related to sedimentary deposition processes such as aligned clay particles in shales or mineral grains in sandstones. Since fluid flow in natural rock is controlled by microstructures of pore spaces or fracture or fault planes it is essential to understand the microscopic details of the rock discontinuities, which either provide fluid flow pathways or act as seals to fluid moment. Hudson and Liu (1999) and suggest that published fracture models can be broadly classified into three groups ( Figure 1 ): (a) a plane distribution of small cracks (partial bond), (b) a plane distribution of contacts (kissing bond), and (3) a thin layer of constant aperture with the appropriate material infill (slip bond). Interestingly, the rough surface fracture surfaces in (a) and (b) are conceptually similar to cross-section of the pore spaces between clay particle platelets in shales and grains in sand, so that the theory presented here for modeling fractured media can also be used in parallel to model anisotropic shales (Sayers, 1999) .
In our previous study, we have shown that rock discontinuities can be mathematically represented by two interfacial compliances describing the mechanical strength and elastic response of the discontinuities. The interfacial compliances are directly related to seismic parameters and their ratio provides an indicator of fluids in the discontinuities (Liu and Li, 2000) . In the present study we shall focus on the study of the effects of pore and fracture filling fluids on seismic reflection characteristics. We derive simple analytical expressions which link seismic anisotropic measurements (i.e. Thomsen's parameters) to pore and fracture filling fluids. We demonstrate using synthetic seismograms that the combined use of conventional -wave and converted-wave ¢ ¡ AVO approaches may offer distinct advantages in the determination of fractures and fluid saturations. AVOs are shown to be sensitive to fluid saturations, and this is confirmed in both the results from reflection coefficients and synthetic seismograms.
Modeling rock discontinuities
Mathematically, the rock discontinuities can be represented by a displacement discontinuity model as proposed by Schoenberg (1980); Pyrak-Nolte et al. (1990) ; Schoenberg and Sayers (1995) ; Hudson and Liu (1999) , Nakagawa et al. (2000) , are called shear and normal interfacial or fracture compliances, respectively. The physical meaning of fracture compliances can be interpreted such that a fracture is represented by an interface connected by a normal and a tangential spring as shown in Figure 2 (modified following Pecorari, 1997) , where Pecorari, 1997 
!
]. The above equations are derived for fractures, and they can also be used to model shales and clays (Sayers, 1999) , where clay particle alignment will result in transverse isotropy with a vertical symmetry axis (TIV), in contrast to more commonly found TIH for vertically fractured rock (TIH = transverse isotropy with a horizontal symmetry axis). In the examples of the following sections, lithologies are taken to be sands or shales unless specified otherwise.
Interfacial compliances and
Thomsen's parameters Following Thomsen (1986) , for a transversely isotropic medium with a horizontal symmetry axis (TIH) , it is convenient to introduce three parameters, known as Thomsen parameters defined as:
Note that the original Thomsen parameters are defined for a TIV medium, and there is a 90¢ rotation from TIH to TIV. Also note that a simplified Q is defined here, which is the first order approximation of the original Q (Thomsen, 1993, and Sayers, 1995) .
Putting equations (4) into equation (3) in the above equation will simplify the reflection and transmission coefficients, which will become apparent in the next section. (The approximate equality in the first equation of equation (5) (6) therefore provides a direct link between fluid saturation (ratios of compliances) and P-and shear-wave anisotropy.
The concept of characterising fractured rock and shale using two interfacial compliance parameters
is simple. However, it is difficult to measure these two parameters directly from field seismic data except by using laboratory experiments. Fortunately, Thomsen's anisotropic parameters can be directly measured from -and converted wave ¢ ¡ data, and therefore, it is useful to find the link between Thomsen's parameters and interfacial compliances. From equation (5), we can obtain
Equation (7) thus provides a way of estimating interfacial compliances from measured Thomsen's parameters and 
throughout this paper).
There is very little published literature with measured Thomsen's parameters for dry and saturated fractured rock samples. However, we have mentioned earlier that the formulations given for fractured media in this paper are applicable to shale and sands (as suggested by Sayers, 1999) , and there are several published tables for shales and sands. Liu and Li (2000) have used the results published in Thomsen's (1986) , Hsu and Schoenberg (1993) , Vernik and Liu (1997) , and Vernik and Nur (1992) to demonstrate that in the cross-plotting of ratio could also result from the presence of cement or clay within fractures or from the fluids with non-zero bulk modulus or partial saturation, which have been discussed in Liu and Li (2000) .
4
Reflection from shale over fractured sandstones
Reflection coefficients
In the vertical plane perpendicular to the fracture plane, the reflection coefficients
and ! " # can written as below (Rüger, 1998; Li, 1998) , to the first order of Thomsen's parameters,
where and are the average propagation angles of the upper and lower media for and ¡ waves, respectively. are the reflection coefficients in the vertical plane parallel to the fracture strike, and are the same as the isotropic reflectivities of the background media.
To examine the effects of anisotropy, we consider the AVO gradient (
ferential reflectivity between the planes perpendicular and parallel to the fracture strike (
, and
) may give some indication of the magnitudes of the azimuthal variations.
If the top medium (shale) is isotropic,
, the above equation can be simplified as
If we now replace . The AVO gradient ratio for water and gas filled fractures would be one if it were not sensitive to fluids. Clearly, we can that this ratio is significantly larger than one and therefore suggests that AVO analysis from combined and also controls the shot-spread normal move-out velocities and is the key for timerelated -wave processing (Grechka and Tsvankin, 1996; Li, 1998 ).
All equations related to reflection coefficients given in this section are approximate, and are based on weak anisotropy and weak elastic contrast across a single flat interface. These equations are useful for practical parameter estimations. Next we carry out numerical calculations to examine the sensitivity of reflection coefficients to fluid saturation. All reflection coefficients are calculated using the generalisation of Zoeppritz's equations for anisotropy given by Schoenberg and Protazio (1992) , and there is no approximation in the computation.
Following Sayers and Rickett (1997) , we consider two cases. The first case is a shale/sand model in which sands have lower impedance than the shale, and the second case is also a shale/sand model in which sands have higher acoustic impedance for normal incidence than the encasing shale. The elastic parameters for both cases are given in Table 1. It is assumed in this study that the shale is isotropic and the underlying sands are fractured. Sayers and Rickett (1997) also considered the third case in which sands have nearly the same acoustic impedance as the shale. As reflection coefficients for the third model show very little variations, we have not considered this type of model. as discussed in the previous section [and covers a wide range of pore fluids in reservoir rocks similar to the parameters given in Batzle and Wang (1992) ]. The AVO curves are computed for two azimuths which correspond to the directions parallel and perpendicular to fracture orientations. As expected, there is very little difference in the AVO variation with saturation in the direction parallel to the fractures at all angles. However, for moderate angles of incidence the waterfilled fractures and dry fractures for acquisition perpendicular to the fractures begin to separate, with the dry fractures becoming increasingly large. Sayers and Rickett, 1997) .
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Normal to fractures with a high to low impedance contrast). The overall AVO response is not as dramatic as for case 1, but a similar conclusion can be drawn, that is, the converted ¢ ¡ AVO is much more sensitive to fluid saturations than primary -wave AVO response. Note that the dependence of AVO on saturation is different for case 1 and case 2. For case 1 (with a low to high impedance contrast), as saturation gradually changes from gas ( The behavior of the and ¢ ¡ response can be explained using equations (13) and (14). The presence of fluids affects P-velocity more than S-wave velocity, and thus introduces an increasing (decreasing) amplitude with offset for high/low (low/high) interfaces. However, because of the low/high for case 1 and high/low impedance for case 2, the AVO terms due to fracture filling fluids (given in equation (15)) will have a different sign from the corresponding isotropic AVO terms, and this will result in either a reduction or an increase in the sensitivity of -wave AVO. For the converted modes the to ¡ impedance contrast will always be positive and have the same sign as the anisotropy term The plane parallel to the fracture strike is an isotropic plane, and the -and ¢ ¡ -waves in this plane travel at the velocities of the background isotropic materials, which results in that the curves for differently saturated sands being superimposed on each other. This implies that the -and ¢ ¡ -waves in this plane are insensitive to the saturations in fractures.
Synthetic seismograms
Although the reflection coefficients shown in the previous section vary much more with fracturefilling fluids, a complete calculation needs to include the effects of geometrical spreading, transmission loss and multiple reflections on the final seismograms. Furthermore, identification of the converted waves in the seismic data may also be a problem. For this reason, synthetic seismograms were computed for the case 1 shale/sand model (with a low to high impedance) considered above, using the reflectivity method for stratified anisotropic media. The sand was assumed to lie at a depth of 1km. We use a spread with 60 equally spaced three-component geophones over 3km cable length and an explosive source with a 50m offset, which yields an angular coverage of more than 1 ¤ ¢ and is sufficient for examining the amplitude variations.
Figures 8 to 11 show synthetic seismograms calculated for the model 1, each figure displaying the comparison of synthetic seismograms computed for two directions: parallel and perpendicular to the fracture orientations. The fractures were modeled with two saturations: dry and water-filled. An explosive source was used, synthetic seismograms were shown for both horizontal and vertical components. The vertical two-way traveltime for -and ¢ ¡ -reflections are 0.6 and 0.9 seconds, respectively. The difference in AVO response parallel and perpendicular to the fractures is clearly visible. Figure 12 shows the picked relative amplitudes of ¢ ¡ waves from synthetic X components computed for Angle of incidence (degrees) P-P reflection coefficients Angle of incidence (degrees)
Parallel to fractures
Angle of incidence (degrees) P-S reflection coefficients different fluid saturations. Again, we can see a systematic drop in amplitudes as © 5 0 5 6 7 © ) ( decreases, as predicted in Figure 5 . The difference in the AVO response for different azimuths and for different saturations (either dry or fully water-saturated) can be observed in the both horizontal (X) and vertical (Z) components. The amplitudes of the event for the azimuthal line parallel and perpendicular to the fracture strike show significant differences in amplitude variations with offset (comparing Figures 8 with 10 and 9 with 11). There are also differences in amplitudes computed for dry and water-filled fractures, but only in the direction normal to the fracture orientation ( Figure 9) . In contrast the difference of AVO response for the ¢ ¡ event is more significant and obvious, which also agrees with the previous results [equations (13) and (14)]. Also, the amplitude of ¢ ¡ event varies sharply with offset and reaches its maximum at far range offsets at about 2.5km, with incidence angle less than 9 ¢ to 1 ¢ , agreeing with results in Figure 5 . Note that the AVO difference can also be observed in vertical components for the ¢ ¡ events, nevertheless, AVO difference for the event can not be seen clearly on the vertical components, which implies that AVO response relying on the vertical component only may lead to inaccurate results and that the emergence angle at the surface where the receivers locates have a very significant effects on the AVO response. The observation that the difference of AVO response is small also agrees with Sayers and Rickett (1997) for case 1 fractured gas sand.
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reflectivities. They are also expected to be strongly dependent on Thomsen's parameters. This is in agreement with numerical results for different types of fluid-filled fractured reservoirs. It appears that converted-wave ¢ ¡ AVO retains the advantages of -waves and shear-waves for characterising fractures and fluid saturations. In a fractured clastic reservoir, converted wave reflectivity is sensitive to both fluid saturation and the presence of fracturing. In contrast, the AVO is suitable for gas detection but not fracturing. In addition, a relatively small offset coverage is required to reveal these effects ( 9 ¢ to 1 ¢ incident angles). This conclusion is in agreement with that of Li (1998) waves. Another advantage of converted wave AVO analysis is that it can be very useful when acoustic impedance contrast between seal and reservoir rocks is close to zero and average Poisson's ratio across the interface becomes large ( ¡ 1 ), which is often the case for unconsolidated clastics (as demonstrated by Engelmark, 2000) .
